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ABSTRACT 
In this work, we systematically studied and introduced both AFM-based and 
STM-based scanning microwave microscopy. CMOS interconnects, single dried 
cell and organelles like exosomes have been imaged with scanning microwave 
microscopy.  
The scanning microwave microscopy of CMOS interconnect aluminum 
lines both bare and buried under oxide has been achieved. In both cases, a spatial 
resolution of 190  70 nm was achieved, which was comparable or better than what 
had been reported in the literature. With the lines immersed in water to simulate 
high-k dielectric, the signal-to-noise ratio degraded significantly, but the image 
remained as sharp as before, especially after averaging across a few adjacent scans. 
These results imply that scanning microwave microscopy can be a promising 
technique for non-destructive nano-characterization of both CMOS interconnects 
buried under oxide and live biological samples immersed in water. 
Time-domain techniques were introduced and applied on scanning 
microwave microscopy to improve image quality and signal-to-noise ratio. By 
transforming the frequency-domain data to the time domain with optimum time 
gating, exosome images of higher contrast and resolution were obtained by using 
SMM than by using STM or atomic force microscopy (AFM). 
Moreover, the thesis presents a preliminary quantitative characterization 
protocol. The broadband full-wave simulation in RF domain was presented in both 
air and liquid environment, which could be adopted to evolve the novel calibration 
algorithm for future SMM applications.   
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Applications of Scanning Microwave Microscopy on 
Nanoscale Imaging and Characterization of Biological 
Samples 
 
I. INTRODUCTION 
A. Microwave in biological applications 
With the growing interest in biological study and the potential benefits on 
health care problems, many fields joined efforts to conquer the toughest problems 
in biology and medical care. The microwave applications for biology or medical 
use exploded recently, such as treatment and determination of cancer tissues [1], 
dielectric measurement of cell suspensions [2], wireless power transfer systems 
for biomedical applications [3], etc. Microwave is playing a more and more 
important role in biology and medical implementation due to its non-invasive, 
label-free and easy-integrate properties. 
Many works taking advantage of microwaves have been proposed and 
reported to explore and characterize the biological samples [4]. Most of them 
stopped at macro range due to the nature of microwave wavelength is at 
centimeter to millimeter range. The well-known Abbe’s law shows the minimum 
resolution of using microwave cannot go beyond half wavelength. However, in 
the following section, the technique which taking advantage of the near-field 
effect of microwave will be introduced, which will later enable imaging and 
characterization of nanoscale biological samples with microwave.    
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B. Background of scanning microwave microscopy 
SMM is a one of scanning probe microscopy techniques [5] which use a 
probe with nanometer tip radius to scan across a surface while detecting short-range 
interaction between the probe and the sample [6], [7]. Depending on the nature of 
interaction to be measured or to keep the tip-sample distance, different techniques 
are defined such as atomic force microscopy (AFM) if short-range force is used and 
scanning tunneling microscopy (STM) if tunnel current is used. The latter has been 
successfully used in imaging charge of single molecules [8]. In SMM the 
interaction of interest is the evanescent (near/quasi-static) electromagnetic field. In 
this case, no wave propagation is involved. Therefore, the spatial resolution is not 
governed by diffraction limit, namely Abbe’s limit, or microwave wavelength. 
Instead, the spatial resolution is governed by quasi-static field distribution which is 
dominated by the probe geometry especially the tip radius. Thus, using a probe with 
nanometer tip radius, SMM can have nanometer resolution despite the microwave 
wavelength being centimeters long at far field. In other words, the resolution can 
achieve 10-6 of the working wavelengths.  
The basic idea of SMM dated back to the 70s [9]–[11]. However, it was 
only after Binnig and Rohrer won the Nobel Prize in 1986 for STM that a few SMM 
papers started to appear mainly on physics experiments modulating the STM 
current at microwave frequencies with homemade apparatus [12]–[16]. Soon after 
that, the value for defining the probe-sample interaction of the microwave signal 
was recognized. 
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The first AFM-based SMM was commercialized by Agilent Technologies 
(now Keysight Technologies) a few years ago [17], [18]. The tip holder, namely 
the nosecone, was modified to adapt a tiny microwave cable connecting a half wave 
length coaxial resonator and a shunt 50Ω resistor to the port 1 of the microwave 
vector network analyzer (VNA), as shown in Fig. 1. The existence of the resonator 
and shunt 50Ω resistor increased the sensitivity at certain discrete frequencies. 
However, it has potential shortcomings since in most resonant frequencies the 
sensitivity is too low to get the informative images due to low signal-to-noise ratio 
and significant parasitic capacitance due to the probe reduces the actual useful 
signal. Moreover, resonant approach won’t allow to readily explore the different 
charging and polarization mechanisms in biological samples, that could be used to 
perform microwave spectroscopy. The shunt 50Ω resistor will also dissipate part of 
the signal and contribute to thermal noise. In this AFM-based SMM, the nosecone 
is required to move along x, y and z direction to follow the surface geometry. Since 
the microwave cable is connected to the nosecone, the cable will inevitably move 
along with the nosecone. This nanoscale movement will induce more noise and 
instability to the whole system, adding a further contribution to a specific artifact 
of SMM: the topography cross-talk, in which a replica of topography appears in 
 
Figure 1. (a) Nose cone assembly and placement of AFM tip for the SMM. (b) 
Diagram of AMF-based SMM. 
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SMM, partly due to parasitic capacitance that allow SMM to detect any 
displacement of the piezoelectric actuator (e.g. in response to the sample tilt), and 
partly due to the change in tip-ground distance due to topographic features of the 
sample.   
 
STM-based SMM [19], [20], in which the same platinum probe was used 
for both STM and SMM, has the broadband setup to fully exploit the sensitivity, 
stability and dynamic range of a VNA. The non-contact nature of STM as opposed 
to AFM was potentially critical to probe soft and live biological samples. The 
parasitic capacitance of an STM probe is inherently lower than that of an AFM 
probe, which helps to mitigate the so-called “topography crosstalk”. However, the 
STM-based SMM can be hard to be operated on poorly conductive biological 
samples, especially in liquid where faradaic currents are also present.  Moreover, 
unlike AFM, STM does not provide purely topographic information, since its image 
is affected by local variation of electrical properties of the sample, such as the 
Density of States (DOS) on the surface. The STM-based SMM has been 
demonstrated the use in a number of chemically fixed biological samples [21]–[23]. 
 
Figure 2. STM-based SMM schematic. 
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Unlike the other commercial or homemade SMMs which are based on resonances 
at discrete frequencies, the frequency redundancy is also exploited through time-
domain Fourier transform, followed by time gating to extract information for 
superior image quality and to perform quantitative measurements.  
Many other groups also explored different type SMM systems based on the 
similar ideas. Here we have no page to cover all of them. Overall, SMM technique 
has been widely used in multiple fields in cross disciplinaries, such as thin films 
and bulk dielectric materials, CMOS chips, dopant profiling, sub-surface metal 
detection, quantum hall effect, ferroelectric characterization, 2D material 
characterization. This new technique brings a totally new view and possibility of 
nanoscale electrical characterization, although it’s still at its very early stage. The 
sensitivity needs to be improved to acquire reasonable signal-to-noise ratio (SNR). 
The feasibility needs to be further explored. More importantly, quantitative 
characterize methods need dramatic improvement in all cases, especially in liquid 
environment, which we are most interested in.   
C. Motivation 
Currently, the single live cell observation relies on fluorescent staining or 
electron microscopy. Neither of them is compatible with real-time quantitative live 
cell study. For the sake of completeness recently “environmental” electron 
microscopes have been made available, but the effect of the high energy electron is 
still of concern. Moreover, electron microscope only provides spatial structural 
information, not the quantitative electrical properties. Similarly, measurements of 
electrophysiology rely on patch-clamp technique, which is invasive, lacks temporal 
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and spatial resolution, and is not applicable to small axons and dendrites. These 
challenges can be potentially overcome by the SMM. 
The electromagnetic properties of live biological system are extremely 
important to many medical applications. While information about electromagnetic 
properties of tissues are available in the literature, little or no data are available 
for single cell or subcellular structures [24]. 
Microwave cell detection has been demonstrated to be useful and promising 
in many medical applications due to their internal properties such as non-invasive, 
fast and label-free [25]. However, the spatial work dimension of the state-of-the-art 
electrical measurement and detection technique is limited to single cell [24]. To 
further bring the spatial resolution of electrical characterization technique down to 
sub-cellular level or even nanometer level, SMM is one of the most promising 
approaches.    
However, SMM at nanoscale is still in embryonal development but 
promises to allow the characterization of cells and subcellular organelles with 
respect to their local dielectric and conduction properties. With broadband 
measurement and the capacity for microwave to penetrate through a cell membrane, 
microwave tomography can be achieved. As previously discussed, both AFM-
based and STM-based scanning microwave microscopy have their own limitation 
and need to be further developed for quantitative nanoscale characterization of 
biological samples.  
The main motivation is to further develop SMM technique for 
characterization of biological samples. Compared to other scanning nanoprobes 
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such as the atomic force microscope and the scanning tunneling microscope, SMM 
is unique for being able to noninvasively probe the structural and electrical 
properties of objects up to a few microns below the surface. This makes it ideal for 
studying live biological system such as a live cell. However, a cell needs to be kept 
alive in aqueous solution, while performing SMM in salty water remains 
challenging, mainly due to high parasitic capacitance associated with high water 
permittivity, higher loss, to the need of making the microwave probe feeding water-
proof and consequently the need of specially designed and non-standard head –
making harder the additional kind of measurements available in typical Scanning 
Probe Microscopes (SPMs) like Atomic Force Microscope (AFM) and Scanning 
Tunneling Microscope (STM). 
The challenges mentioned above post huge obstacles in making quantitative 
characterization of live biological sample in physiological buffer. Multiple 
inventions and improvements need to be considered and proposed to overcome 
these challenges. The thesis presents the novel approach and successful application 
of SMM technique on both nanoscale CMOS chips and soft biological sample. The 
preliminary quantitative characterization protocol is also presented. The broadband 
full-wave simulation in RF domain will be presented in both air and liquid 
environment, which could be adopted to evolve the novel calibration algorithm for 
future SMM applications.  
D. Organization of the thesis 
Section II will mainly introduce the basic principles of scanning microwave 
microscopes and principle of time-domain approach applied in SMM. It will also 
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go through the achieved SMM results by the author on solid materials like buried 
aluminum lines on CMOS chips in both air and water, as well as soft materials like 
chemically fixed/dried cells and organelles (exosomes). Section III will introduce 
the preliminary results in full-wave and circuit level simulation for SMM based on 
full-wave simulation in RF domain. The new calibration algorithm based on it can 
be applied to acquire probe-sample impedance information, and further extract the 
dielectric properties of cells and organelles accurately. Section IV is the conclusion. 
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II. SCANNING MICROWAVE MICROSCOPY ON CMOS CHIPS AND BIOLOGICAL 
SAMPLES 
A. Principle 
While the typical wavelength at microwave frequency range is ~1 cm, the 
resolution of SMM can easily reach nanometer range. In other words, the resolution 
is approximately one millionth of the free wavelength of microwave. Intuitively, 
this is contradictory to Abbe’s limit, the resolution of the best optical systems 
cannot be smaller than half of wavelength.  
 
𝑑 =  
𝜆
2𝑛𝑠𝑖𝑛𝜃
=  
𝜆
2𝑁𝐴
 
(1) 
d is the diameter of the focusing point, corresponding to resolution. 𝜆   is the 
wavelength, n is refractive index of media, NA is the numerical aperture.  
The reason why SMM resolution can reach one millionth of wavelength lies 
in the physics of the near fields and radiation generated by a local oscillating source 
[26]. In most cases, people are mostly focused on far-field radiation when they think 
about spatial resolution due to the common use of communication and broadcasting 
systems. For the far field, the relevant distances are much larger than the size of the 
oscillating source and the wavelength of the electromagnetic wave, where Abbe’s 
resolution limit applies. However, two other regimes, the intermediate zone, where 
𝐷 ≪ 𝑟 ~ 𝜆  and the near-field zone where 𝐷 ≪ 𝑟 ≪ 𝜆  [26]. For SMM, the 
interaction mostly happens in near-field zone, which is also the reason why in some 
research papers it is also called near-field SMM. The effective radius of the probe, 
as the characteristic size of source, is about one millionth of the wavelength. The 
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spatial resolution is dominated by the size of probe rather than the wavelength of 
the electromagnetic wave. In air environment, the electromagnetic field around the 
probe can be considered quasi-static [26]. The shape of electromagnetic fields is 
determined by the shape of the probe and the spatial electromagnetic properties of 
the surrounding region. By a nanoscale metalized probe, the field will be localized, 
which basically result in localized microwave interaction with a small volume of 
the sample. As a result, a typical SMM consists of a very sharp metal probe 
integrated into other SPM techniques such as AFM or STM, in which the atomic 
force or tunneling current works as the mechanism to bring this probe in close 
proximity to the sample. 
 
B. Experimental setup 
The SMM scanning on CMOS chips was performed with the AFM-based 
SMM, whereas the SMM scanning on biological samples was performed on both 
AFM-based and STM-based SMM.  
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Fig. 3 shows that the AFM-based SMM was based on a modified AFM 
with the microwave signal channeled to a very sharp probe apex for near-field 
interaction with the sample over an extremely small volume. A Rocky Mountain 
12Pt400A full-metal scanning probe with a typical 20-nm tip radius was used and 
mounted on a probe mounter, with a quarter wavelength resonator and shunt 50Ω 
resistor connected behind. A 1-meter 50Ω Rosenberger coaxial cable was 
connected after the 50Ω resistor to the microwave port. The spring constant of the 
probe is 0.3N/m, which is typically soft enough for contact-mode scanning on 
Figure 3. Simultaneous (a) AFM, (b) SMM magnitude, (c) SMM phase images of 
190-nm-wide bare aluminum lines. 
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most type of materials of interest. The microwave signal was provided by a 10 
MHz‒20 GHz Agilent N5230A PNA-L vector network analyzer (VNA). The 
reflected microwave signal, in terms of amplitude and phase of the return loss S11, 
was measured by the VNA.  
 
The STM-based SMM, shown in Fig. 4 was developed by coupling a 
VNA with a commercial STM (NT-MDT Solver Pro P-47). Fig. 2 already shows 
the diagram of STM-based SMM while Figure 4 shows the modified SMM and 
the VNA, which were placed on anti-vibration tables. A commercial STM has 
been modified by replacing the original STM head with a re-designed in-house 
SMM head. The SMM features an enhanced current amplifier (operational 
amplifier LMP7721 with a 3-fA typical input current) and a capacitive coupling 
between the probe and a coaxial connector, which is connected to an Agilent 
E8361A VNA supporting up to 67 GHz. STM amplifier detects a predefined 
current, defined as current set point, to control the tip-sample distance. Therefore, 
the STM raster scans by applying an XY control voltage to a piezoelectric 
controller with the feedback. STM images are obtained by plotting the 
        
 
Figure 4. (a) Schematic of STM-based SMM. (b) Experimental setup. 
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displacement of the piezo. It should be noted based on this intrinsic principle, 
STM images are never purely topographic. The reason lies that the detected 
tunneling current will be strongly affected by the characteristics of the sample 
surface. A homemade software downloads data from the VNA while 
synchronizing the XY displacements of the STM microscope. No resonators or 
special matching circuits were inserted in the measurement chain, despite 
resonance will automatically be generated from the cable and shield cavity, or 
other shielded structure. Measurements were recorded across a wideband 
frequency range across the supported band by VNA. Any pixel of an SMM figure 
corresponds to a colume vector of hundreds of frequency points. The number that 
we have used in the experiments we are going to introduce are 256x256 pixels per 
512 frequency points. It typically takes more than 1 hours to finish a whole scan, 
depending on the frequency range and the stability of the feedback.  
In both setups, we can perform broadband SMM, which is so far quite 
unique, with several advantages: 
1. Performing in-situ spectroscopic investigation by broadband 
measurements will be possible. 
2. Frequency data across the wide band may improve images quality, 
especially with time-domain gating technique. Note that for image 
improvements, the band does not need to be necessarily very broad. 
3. Broadband measurements can be used to perform accurate calibration 
based on the understanding of the system physics.  
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A trade-off is the lower scanning speed, which prevents high resolution 
such as atomic scale scans and complicates the quantitative measurement with 
unexpected transient phenomena. 
The idea of time-domain reflectometry (TDR) technique was borrowed in 
processing broadband microscope data [23], which is applying time-gating to 
remove undesired “echoes” in time domain, which was used to improve the 
signal-to-noise ratio (SNR) of the system.  
Regarding to sample preparation, CMOS chips and various biological 
samples were prepared.  
The CMOS chips under study were TiN-Ti-caped Al interconnect lines 
approximately 0.5 m thick, which were fabricated by 130-nm SiGe BiCMOS 
process on a 200-mm-diameter high-resistivity Si wafer, which has a resistivity of 
10 kΩ∙cm. Lines were designed with widths of 160 nm and 360 nm. The actual 
widths were 190 nm and 390 nm due to process bias, which was determined by 
SMM. The lines were embedded in 1.3-m thick SiO2, then chemo-mechanically 
polished to a flatness of approximately 70 nm. Thereafter the wafer was diced into 
25 mm  15 mm chips. To simulate buried interconnect lines, some of the chips 
were coated with 20 nm of ALD Al2O3 at 300 °C. The conforming ALD mostly 
keeps the surface topography to be consistent, which minimizes the topography 
cross-talk difference in SMM [27] between samples with and without oxide 
coating. Otherwise, the SMM contrast between the two sets of samples would 
have been complicated by the difference in topography through its influence on 
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the parasitic capacitance with the probe. The image sharpness was defined by the 
transition width from 25% to 75% height [28].  
A good contrast was provided between bare and buried metal lines. The 
aluminum lines, with the two sets of chips with and without oxide coating. On the 
uncoated chips, TiN was used to prevent the oxidation. The nanometer thin TiN 
and Ti layers did not significantly change the electrical properties of the metal 
lines from that of pure Al without oxidation. For experiments in water, the chips 
were placed on the bottom of a petri dish that is filled with approximately 5 mm 
of DI water, which was sufficient to immerse both the chips and the SMM probe, 
including its cantilever body for optical detection of the AFM deflection. The 
dielectric constant of deionized water at low frequency was taken to be 70 
according to the literature [29]. The dielectric constants of Al2O3 and SiO2 were 
measured to be approximately 7 and 4, respectively, from specially made metal-
insulator-metal test structures by using an Agilent Technologies 4294A precision 
impedance analyzer. These dielectric constants would be valuable for in-depth 
data analysis.  
Two chips, with bare and buried lines, respectively, were mounted side-
by-side on the piezoelectric stage of a Keysight Technologies Series 7500 
AFM/SPM system with a N9545C SMM nose cone. Typically, topography and 
microwave reflection coefficient (S11) were simultaneously measured during the 
same scan, and their changes plotted either in one-dimensional linear scans or 
two-dimensional images. The probe comprises a Rocky Mountain 12Pt400A full-
metal platinum tip with 80-m length and less than 20-nm radius, which was 
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attached to a 400-µm-long, 60-µm-wide cantilever. With a spring constant of 0.3 
N/m, the probe was sufficiently soft for direct contact with the chips. Typically, 
an input power of 5 dBm was generated at 5.371 GHz at which frequency the 
network was matched to the 50-Ω system impedance resulting in optimum signal-
to-noise ratio (SNR). The scan size was 10 m  10 m divided into 256  256 
pixels. The SMM scan rate was limited to approximately 10 ms per pixel, because 
an intermediate frequency bandwidth of 1 kHz was used on the VNA for the 
optimum tradeoff between speed and SNR. 
The biological samples under study were MCF-7 breast cancer cells, L6 
rat myoblast cells and exosomes. All results presented here were conducted on 
chemically fixed/dried samples in air. 
a) MCF-7 cells 
MCF-7 (Michigan Cancer Foundation-7) are breast cancer cells first 
isolated in 1970 and typically forming adherent populations of spheres. 
Preparation of the sample requires several steps. Due to its hydrophobicity, C60 is 
poorly soluble and naturally forms large micron-sized clusters in aqueous media. 
Therefore, Methanol suspension with the following sonication was used, 
producing a uniform suspension of C60, which takes approximately 10–30 minutes 
to settle out of. Following application of the suspensions, Fullerene C60 was 
diluted in methanol (0.2mg/ml). After 30 min of sonication, three cell plates were 
coated with a dilution of the suspension (100ug/ml) plus pure methanol as blank.  
MCF-7 cells were plated onto the coated dishes and cultured for 24 hours 
in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine 
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serum (FBS) and 1% penicillin-streptomycin at 37°C and 5% CO2. After 24 
hours, cells were removed by treatment with Trypsin-EDTA, centrifuged at 1000 
rpm at RT and suspended in PBS 50% (in order to decrease the presence of salts 
on the conductive glass). In order to obtain a uniform cell dispersion for AFM 
assay, only 2µl of each cell suspension was plated on the relative conductive glass 
(70nm ITO-glass) and left to dry. 
b) L6 myoblast cells 
L6 myoblast cells are isolated from rat. The cells are adherent so there is 
no need for extra adhesion matrix on substrate. The cells were plated onto the ITO 
coated Polyethylene terephthalate (ITO-PET) and cultured for more than 24 hours 
in DMEM medium containing 10% FBS and 1% penicillin-streptomycin at 37°C 
and 5% CO2. The cells environment was then switched from culture media to 
PBS solution to decrease the presence of salts on the substrate. The scan was 
conducted with AFM-based SMM. 
c) Exosomes 
Exosome samples were prepared by salivary isolation. The protocol for 
salivary exosome isolation was adapted and modified from a previous method for 
urinary exosome isolation [30]. Immediately after collection, saliva was placed on 
ice, transferred to the laboratory and centrifuged at 1500 g for 10 minutes at 4 °C. 
The supernatant was then removed, placed in another tube and centrifuged at 
17,000 g for 15 minutes at 4 °C to further remove unwanted organelles and cell 
fragments. Following initial centrifugation steps, the supernatant was transferred 
to sterile tubes for ultracentrifugation at 160,000 g for 1 hour at 4 °C. Following 
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ultracentrifugation, the aqueous layer, which is viscous in whole saliva samples, 
was removed and the pellet containing the exosomes was washed with PBS and 
ultra-centrifuged again at 160,000 g for 1 hour at 4 °C. After the end of the 
second ultracentrifugation, the supernatant was removed, while the pellet was 
suspended in 50µL of PBS. To obtain a uniform exosome dispersion for AFM 
assay, only 5µL of the suspension were plated on the conduct glass and left to dry. 
C. Results and discussion 
a) Aluminum lines on CMOS chips 
 
Fig. 5 shows images of 190-nm-wide bare aluminum lines, formed 
simultaneously by AFM and SMM. Whether an SMM image was formed by using 
the magnitude or phase of S11, it appears to have comparable contrast and sharpness 
to that of AFM. Actually, the SNR of SMM is not as good as that of AFM due to 
 
 
Figure 5. Simultaneous (a) AFM, (b) SMM magnitude, (c) SMM phase images of 
190-nm-wide bare aluminum lines. 
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weak SMM signals by nature. For example, in the present case, the contrast in S11 
magnitude and phase are on the order of 0.01 dB (10 mdB) and 0.1 degree. 
 
Fig. 6(a) and Fig. 6(b) show the images of 390-nm-wide bare and buried 
aluminum lines formed by the magnitude information of SMM, respectively. It 
should be noted that, even when buried under 20-nm Al2O3, the lines are clearly 
discernable. In Fig. 6(c), it can be seen that similar sharpness of approximately 70 
nm were acquired over bare and buried lines, based on lateral scans across the 
middle of the image. While all linear scans across the lines were averaged, it was 
determined that the sharpness was 69  7 nm for bare lines and 70  13 nm for 
buried lines.  
 
Figure 6. SMM magnitude images of 390-nm-wide (a) bare and (b) buried 
aluminum lines. (c) Linear scans across both bare (—) and buried (- - -) lines.  
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The sharpness presented in this result is comparable but not necessarily 
better than that of [28], because the lines were buried under a thicker oxide. Fig. 
6(c) shows also that the difference in contrast between bare lines and oxide is 
approximately twice of that between buried lines and oxide. Given the oxide 
thickness was not known, it could have been estimated from the amount of the 
contrast degradation with the known dielectric constant of the oxide from proper 
modelling.  
 
Fig. 6(c) shows that, SNR is worse for buried lines, resulting from a 
weaker signal. In oriented structure, SNR can be improved by averaging across 
adjacent linear scans, as will be illustrated for the scans in water. SNR may also 
be improved by averaging repeated scans or measurements (by VNA) at the 
expense of scan rate. It is not always true that the images formed by the S11 
magnitude and phase are of similar quality. One can be significantly better than 
the other, depending on the detailed SMM working conditions. For example, with 
 
Figure 7. SMM phase (a) image and (b) linear scans across an area of 3 m  3 
m (70  70 pixels) over a 390-nm-wide buried aluminum lines in water. In (b), 
averages across 6 (- - -) and 10 (…) adjacent lateral scans approximately 40 nm 
apart are shown for comparison with a typical single scan (―).  
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different probes, samples, and ambient conditions, the resonant frequency can 
shift as will be illustrated for the case in water. The change of frequency can in 
turn change the loss and electrical length of the transmission line, and, hence, the 
magnitude and phase of S11.  
In this experiment, water was used to simulate high-k dielectric. Fig. 7 
shows the SMM phase image and linear scan over a 390-nm-wide bare line in DI 
water. Although the line is still discernable, the signal and noise become 
comparable, which made it extremely difficult to define sharpness from a single 
line scan. However, the SNR can be dramatically improved by averaging a few 
adjacent line scans due to the highly oriented structure of the CMOS chips. 
Statistically, a sharpness of 69  13 nm was obtained, which is comparable to the 
cases without water. 
It should be noted that it was reported in [31] that the sharpness in air is 
higher than in water. This was mainly due to the difference in the parasitic 
capacitance between the cantilever and the sample. In general, the capacitance can 
be divided into two parts. First, a sensing capacitance between the probe tip and 
the sample. Second, a parasitic capacitance between the probe cantilever and the 
sample. Usually, with the tip in intimate contact with the sample and the 
cantilever suspended 80 m in air above the sample, the parasitic capacitance is 
relatively small even through the cantilever is much larger than the tip. However, 
with the air replaced by water, the parasitic capacitance increases drastically. This 
parasitic capacitance not only overwhelms the sensing capacitance, but also 
remains constant so long as the cantilever completely overlaps a wide aluminum 
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line such as in [31]. In this case, the line is effectively being probed by the large 
(400 µm × 60 µm) cantilever instead of the sharp tip, which explains why the 
sharpness is approximately 600 nm in [31]. In comparison, when the probe 
traverses a narrow line [Fig. 6(a)], both the sensing and parasitic capacitances 
change readily, resulting in a sharpness of 70 nm, which is not much larger than 
the tip diameter. Thus, in water it is more difficult to get a higher sharpness over a 
large feature than a fine feature due the huge parasitic capacitance with the 
cantilever. This parasitic capacitance can be minimized by more complete 
shielding of the microwave signal path all the way through the cantilever such as 
in a strip-line configuration [32]. 
It should be noted that the presented SMM images in water were obtained 
at 7.865 GHz instead of the typical 5.371 GHz. This is because the SMM uses an 
impedance matching network that works only at certain resonance frequencies. 
The resonance frequency shifted when the probe and the chip, basically the 
environment, were immersed in water. 
For narrow lines, although water degrades the SNR, the sharpness remains 
approximately 70 nm as in air. This is very encouraging because it implies that 
SMM can also be used to noninvasively probe the internal structure of a live 
biological cell that needs to be kept in an aqueous solution. However, SMM of 
live biological samples presents additional challenges due to their soft and 
moving nature which need further development.  
b) L6 cells and MCF-7 cells 
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Dry L6 cells, prepared according to the procedure described in the second 
section, and left to dry in sanitized environment at room temperature and 30% 
humidity. The working frequency in air was fixed at 6.294 GHz. This frequency 
was selected by checking the quality of images near each of the resonances 
generated by the shunt 50-ꭥ and resonating network in the instrument. Topography 
and deflection were recorded by the AFM, shown in Fig. 8a and 8b. The length, 
width and height of dry L6 cells in this image are approximately 12 µm, 6 µm and 
500 nm, respectively. Some small salt crystals accumulated around the dry cells. 
Meanwhile, the magnitude and phase of reflection coefficient (𝑆ଵଵ) is obtained 
through the PNA, connected by the microwave network to the apex of probe 
simultaneously, providing results shown in Fig. 8c and 8d.  
The semi-quantitative analysis on MCF-7 breast cancer cells were also 
analyzed by STM-based SMM in broadband microwave range. Taking this 
 
 
Figure 8. (a) Topography and (b) deflection of dry L6 cells recorded by AFM. (c) 
Magnitude and (d) phase recorded simultaneously by PNA through SMM.  
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advantage, time-domain analysis was also involved to enhance the image quality 
and the difference between the two biological samples.  
Time-domain data processing was used to increase the sensitivity and 
reliability of the broadband measurement data. As a result, unwanted reflections 
and resonances of the measurement setup could be filtered out by time gating, 
which is like that commonly used in time-domain reflectometry. The key here is to 
choose the appropriate time interval for the intrinsic interaction between the tip and 
sample. This offers a more flexible and convenient way to interpret the data. 
 
 
 
 
 
Figure 9. Time-domain SMM image of MCF-7 cells treated with fullerene (left) 
and control cells (right). 
Figure 9: Time-domain SMM image of MCF-7 cells treated with fullerene (left) and control cells (right). 
 
 
 
 
Figure 10. Time-domain SMM image of MCF-7 cells treated with fullerene (left) 
and simultaneous STM image (processed to remove tilt plane).  
Figure 10: Time-domain SMM image of MCF-7 cells treated with fullerene (left) and simultaneous STM 
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Fig. 9 compares time-domain processed SMM images (frequency 15.9-
16.9GHz) of MCF-7 cells with (left) and without (right) fullerene exposure. SMM 
images represent the reflection coefficient at a specific time instant. 
It is also interesting to compare (in Fig.10 right) STM “topographic” image 
and the SMM (left) image for a group of cells treated with fullerene. Note that STM 
image has been corrected to remove the underlying plane tilt that would hide the 
details, while the SMM did not need such a procedure, witnessing reduced or 
negligible cross-talk with the displacement of the piezo-actuator. Brighter cells in 
STM are the taller ones (around 3µm), while in SMM are those with higher 
reflection coefficient (at that specific time instant). The frequency range is 15.5 to 
16.5GHz in this SMM. In STM the sample is biased at 2V, while the tip, kept at 
virtual ground, has a current set point of 2 pA. 
 
While STM images will account for changes in composition of cells, it will 
never be completely topographic, as introduced in the introduction part. It is 
interesting to zoom close to the lower cell, where the impact of changes in the 
 
 
Figure 11. Zoom in Fig.10 on the lower cell: Time-domain (left) and simultaneous 
STM image (right). In STM are visible the effects of the polynomial correction 
line-by-line. 
Figure 11: Zoom in Fig.10 on the lower cell: Time-domain (left) and simultaneous STM image (right). In STM 
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tip/substrate position is even smaller (Fig.11) and differences between the SMM 
and STM images are cleaner.  
 
The procedure described in the previous section was applied at several 
measurements, trying to compare data from MCF cells having similar topographic 
height, to minimize the impact of tip/substrate distances. Results are shown in Fig. 
12, where the differential impedance is calculated according to following equations. 
 𝑍 = 1/(
1
𝑍௦
−
1
𝑍௖
) (2) 
𝑍௦ is the gated impedance recovered in an apparently empty region while 𝑍௖ is the 
impedance recovered on top of MCF cells under test. The results for control and 
treated cells were compared accordingly. According to these results, there is a 
systematic difference between treated and control cells, likely witnessing the 
incorporation of C60 in MCF-7 membrane. 
 
 
 
 
Figure 12. Comparison among fullerene-treated and control cells of the Real (top) 
and Imaginary part (bottom) of the impedance (4), calculated for a number of 
samples/sample points. 
Figure 12: Comparison among fullerene-treated and control cells of the Real (top) and Imaginary part (bottom) 
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The results appear to be consistent with the incorporation of conductive 
nanoparticles, making the cell surface to appear to some extent closer to the 
conductive substrate. It should be mentioned that fullerene nanoparticles are 
expected to be also outside the cell, on the substrate, making stronger this 
conductive masking effect.  
c) Exosomes 
Like the experiment performed on MCF-7 cells mentioned above, the 
measurement is controlled by a home-made program for simultaneous imaging by 
STM and SMM, with broadband scattering (S) parameters acquired by the vector 
network analyzer in real time before post-processing in the time domain. 
Exosomes samples were then placed on a piezoelectric stage with 
nanometer x-, y-, and z-position control by the STM system. The STM system was 
operated under a constant-current mode with a preset tunneling current to ensure 
the probe tip was properly landed on the sample. With tunneling current and tip 
position both fixed, the sample topography could be approximated by the z-position 
of the stage, although the tunneling current was affected by not only the tip-sample 
distance, but also by the lateral variation in the electromagnetic properties of the 
sample. As the variation in electromagnetic properties was simultaneously acquired 
by SMM, it could be used to refine the sample topography obtained by STM. 
However, this was not done because the present emphasis was on SMM, not STM. 
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To ensure that exosome samples were properly prepared, we first scanned 
them with a commercial AFM, which was easier to land on biological samples than 
STM. The AFM results are shown in Fig. 13, which confirms that the exosome 
diameter is 30 nm−100 nm as expected. However, in AFM image with smaller scale 
like Fig. 13(c), the edge of exosomes becomes blurry.     
 
 
 
 
Figure 13. AFM image of exosomes. 
Figure 13: AFM image of exosomes. 
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Our system is capable of simultaneous STM and SMM during the same 
scan, which allows the comparison of the STM and SMM images over the same 
area. Fig. 14(a) shows the STM image of exosomes on a glass substrate coated 
with indium tin oxide (ITO) to render it conductive. Despite the noisy image, the 
size and shape of exosomes can be resolved, in agreement with the AFM image. 
 
  
 
 
Figure 14. (a) STM and (b) SMM images of the same exosomes on an ITO-coated 
glass substrate. 
 
  
 
 
Figure 15. (a) SMM time-domain images of exosomes in a 500nm*500nm area (b) 
SMM time-domain images of the exosomes in a 200nm*200nm area. 
Figure 15: (a) SMM time-domain images of exosomes in a 500nm*500nm area (b) SMM time-domain images 
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Simultaneous with STM, SMM was performed at 512 frequencies between 
20.17 GHz and 20.25 GHz, while scanning over an area of 1 μm  1 μm with 256 
 256 sampling points. Fig. 14(b) shows the corresponded SMM image after time-
domain data processing. The scanning area was the exactly the same as that of Fig. 
14(a) since the STM and SMM data were acquired at the same time during the 
simultaneous scan. Comparing Fig. 14(a) and Fig. 14(b), the SMM image shows 
more details of the exosomes with higher contrast and resolution. Particularly, the 
edge of each exosome is better defined in SMM then in STM as shown in in the 
details of Fig.14. In Fig. 15, we can get even shaper edges of each single exosomes, 
with higher contrast and shape more recognizable. SMM time-domain image shows 
the highest contrast and the sharpest edge. It also shows less noise compared with 
the STM images. Compared with AFM, the STM/SMM result has a larger drift 
when the scanning area becomes tiny. Part of the reason lies in the instability of 
piezo stage.  
It should be noted that, despite the broadband capability of our SMM system, 
for sensitivity purpose we choose the comparatively narrow frequency range for the 
images shown in Fig. 14 and Fig. 15. A wider frequency range can be performed in 
the future for the best tradeoff between sensitivity and resolution and for the best 
procedure of post-measurement data processing. 
The results shows that nanoscale imaging of exosomes by different 
scanning probe microscopes was compared. The SMM in conjunction with time-
domain data processing appears to provide the better image quality. Further tradeoff 
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in bandwidth and sensitivity is required to improve nanoscale imaging of biological 
samples in general. 
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III. PRELIMINARY STUDY OF CALIBRATION ALGORITHM AND FULL-WAVE AND 
CIRCUIT LEVEL SIMULATION OF SCANNING MICROWAVE MICROSCOPE 
 
We achieved some preliminary results oncalibration algorithm based on 
full-wave and circuit level simulation of scanning microwave microscope after 
numerous iterations.  
As shown in Fig. 16, the maximum structural length is 2 mm (canlilvere 
length), whereas the minimum structural length is 10 nm (the tip apex-sample 
distance). The aspect ratio reaches at least 10ହ, without considering the mesh size. 
 
Figure 16. (a) Electric field of SMM structure including cantilever in full-wave 
simulation using COMSOL-RF, with a 80-µm tip shank height, 200-nm tip radius 
at 7 GHz. The surrounding environment is approximated in DI water, with a pre-
set dielectric constant of 70 – j30. The mesh was specified according to the 
geometrical distribution in the system, optimizing the calculating accuracy and 
speed. Electric field around the 200-nm tip apex with the same color bar when the 
tip is (b) 10-nm, (c) 50-nm, (d) 100-nm, and (e) 300-nm away from the surface. 
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The actual aspect ratio is 10~100 times larger because the minimum mesh between 
the apex and sample needs to be below 1 nm to get physical field distribution. With 
fully optimized mesh, compromising the calculation time and accuracy, reasonable 
and consistent results have been achieved. Tip has been lifted 10 nm, 50 nm, 100 
nm and 300 nm. Note that the color bar is the same across the four images from 0 
to 1 × 10଻ 𝑉/𝑚. The field intensity decreased accordingly with the tip far away 
from the conductive surface, serving as the microwave ground. The field was 
distributed smoothly around the apex, which can be further verified by the smooth 
change in approach curve of S-parameter change.  
After achieving the geometrically fine meshed structure including the 
cantilever, the microwave port can be implemented directly. The S-parameter 
matrix can be implemented in ADS circuit level simulation to further check the 
robustness. Taking the experimentally verified Rocky Mountain platinum probe 
parameters we usually use, a 15 fF capacitance has been achieved in air, which is 
reasonably correct considering the fringing effect. In air, typically the probe-sample 
system can be regarded as quasi-static. Therefore, usually capacitive and resistive 
lumped elements are enough to represent the load condition.  
The parameters of quarter wavelength resonator, shunt resistor and coaxial 
cable has been shown in Fig. 17. Fig. 17(b) shows the results of simulated and 
experimental reflection coefficients across 1 – 20 GHz. Fig. 17(c) shows the 
zoomed response across 5 – 8 GHz, which is the typical working frequency range 
in our AFM-based SMM setup. Fig. 17(d) shows the result in 6 – 6.5 GHz. The 
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multiple resonances in experimental curve is due to the 1-m coaxial cable in our 
setup. Without calibration, this is a typical phenomenon in microwave systems.   
 
The proposed calibration algorithm has been applied to the dry L6 cells 
based on AFM-based SMM. Approach curves were evaluated experimentally, and 
full-wave simulations on geometrical fitted parameters provide results close to the 
experimental ones (Fig. 18g), so that the raw images are then calibrated into 
resistance and capacitance images (Fig. 18e and 18f). While uncalibrated images 
 
 
Figure 17. (a) ADS circuit simulation diagram with the inset and zoomed inset of 
full-wave simulation of probe-sample system. (b) Simulated (…) and experimental 
( — ) return loss across  5 – 8 GHz, (c) 6 – 6.5 GHz. 
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show that the actual complex impedance information distributed in magnitude and 
phase, after calibration only capacitance changes are obvious (Fig. 18f), whereas 
the resistance mapping show only minimal change due to plane drift. This is due to 
the conductivity of dry biological tissues, like dry L6 cells, is almost zero. 
 
Note that in this framework the ITO-PET will serve as a microwave ground, 
while the capacitance will change according both to the material thickness and 
dielectric constant between the probe apex and ITO-PET. The dependence of the 
capacitance on the tip-ground distance is what we define as “intrinsic topography 
crosstalk”. The capacitance map will inevitably report some of the topographical 
features. This is to distinguish it from the topography cross-talk due to parasitic 
capacitance. The latter allows the probe to detect displacements of the piezoelectric 
actuator devoted to the xyz scan of either sample or tip.      
 
Figure 18. (a) Topography and (b) deflection of dry L6 cells recorded by AFM. 
(c) Magnitude and (d) phase recorded simultaneously by PNA through SMM. (e) 
Calibrated resistance and (f) capacitance of dry L6 cells based on the calibration 
algorithm proposed. (g) Calibrated resistance and capacitance (…) curve and 
correspond simulation curve (―) by COMSOL-RF. 
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IV. CONCLUSIONS 
In this work, we systematically studied and introduced both AFM-based and 
STM-based scanning microwave microscopy and the applications on CMOS 
interconnects, single dried cell and organelles like exosomes. Furthermore, the 
calibration algorithm based on full-wave simulation with COMSOL-RF was 
discussed. 
SMM was successfully used to image CMOS interconnect lines as narrow 
as 190 nm and buried under passivation layer or water. Although water degraded 
the signal-to-noise ratio significantly, it did not degrade the image sharpness. The 
sharpness remains approximately 70 nm in all cases. Secondly, nanoscale imaging 
of exosomes by different scanning probe microscopes was compared. The home-
made SMM probe in conjunction with time-domain data processing appears to 
provide the best image. Further tradeoff in bandwidth and sensitivity is required to 
improve nanoscale imaging of biological samples in general. The use of time-
domain in SMM toward a quantitative approach to the measurement gives 
promising results, showing at the same time a reduced contrast in microwave signal 
from fullerene treated cells, an increased roughness of the cell surface. Those 
results are the first step toward a correlation between the microwave processed 
images and a quantification of the amount of fullerene incorporated in the cell, 
pointing out the direction of future works. Moreover, the thesis presents a 
preliminary quantitative characterization protocol. The full-wave simulation, 
circuit-level simulation and analytical expressions all matches. The broadband 
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multi-scale full-wave simulation in RF domain was presented, being unique, can be 
used to evolve the novel calibration algorithm for future SMM applications. 
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